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The sarcoplasmic reticulum Ca2+-ATPase (SERCA1a) pumps Ca2+ and countertransport protons. Proton pathways in the Ca2+ bound and Ca2+-free
states are suggested based on an analysis of crystal structures to which water molecules were added. The pathways are indicated by chains of water
molecules that interact favorably with the protein. In the Ca2+ bound state Ca2E1, one of the proposed Ca
2+ entry paths is suggested to operate
additionally or alternatively as proton pathway. In analogs of the ADP-insensitive phosphoenzyme E2P and in the Ca2+-free state E2, the proton path
leads between transmembrane helices M5 to M8 from the lumenal side of the protein to the Ca2+ binding residues Glu-771, Asp-800 and Glu-908. The
proton path is different from suggested Ca2+ dissociation pathways. We suggest that separate proton and Ca2+ pathways enable rapid (partial)
neutralization of the empty cation binding sites. For this reason, transient protonation of empty cation binding sites and separate pathways for different
ions are advantageous for P-type ATPases in general.
© 2007 Elsevier B.V. All rights reserved.Keywords: SERCA1a; Ca2+ pump; Na,K-ATPase; Proton countertransport; Proton pathway1. Introduction
P-type ATPases are major players in primary active transport of
ions across biological membranes. One of the best-characterized
members of this family is the Ca2+-ATPase of the sarcoplasmic
reticulum (SR) membrane [1] which serves as a model for the
whole family of P-type ATPases. The SR Ca2+-ATPase transports
Ca2+ from the cytoplasm of muscle cells into the SR lumen.
Transport of two Ca2+ is coupled to the hydrolysis of one mole-
cule of ATP. In exchange for Ca2+, two to three protons are
countertransported.
The Ca2+-ATPase reaction mechanism is briefly summarized
as follows [2–7]: the Ca2+-free ATPase binds two cytosolic Ca2+Abbreviations: BHQ, 2,5-di-tert-butyl-1,4-dihydroxybenzene; Ca2E1P,
ADP-sensitive phosphoenzyme; E2(TG), Ca2+-free ATPase with thapsigargin
bound; E2(TG+BHQ), Ca2+-free ATPase with thapsigargin and 2,5-di-tert-
butyl-1,4-dihydroxybenzene bound; E2P, ADP-insensitive phosphoenzyme; E2
(TG+MgF4
2−), E2 complex with thapsigargin and MgF4
2−; E2(TG+AlF4
−), E2
complex with thapsigargin and AlF4
−; MCCE, multiconformation continuum
electrostatics; SR, sarcoplasmic reticulum; TG, thapsigargin
⁎ Corresponding author.
E-mail address: barth@dbb.su.se (A. Barth).
0005-2728/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbabio.2007.07.010sequentially [8–11] to high affinity Ca2+ binding sites which
releases H+ into the cytoplasm. Ca2+ binding enables phosphor-
ylation of the ATPase by ATP. The initially formed phosphoen-
zyme Ca2E1P converts to a second phosphorylated intermediate
E2P which is accompanied by release of Ca2+ into the SR lumen
and proton uptake from the SR lumen. Hydrolysis of E2P and
regeneration of the high affinity Ca2+ binding sites complete the
reaction cycle.
Crystal structures of most major transport intermediates or
analogs thereof have been obtained [12–18]. The ATPase
consists of a transmembrane domain (M) with 10 transmem-
brane helices and three cytoplasmic domains: phosphorylation
(P), nucleotide binding (N) and actuator (A) domain. The
P domain contains the phosphorylation site Asp-351 and the N
domain interacts with ATP. The Ca2+ binding sites in the M
domain are formed by residues in transmembrane helices M4,
M5, M6 and M8 which requires that M4 and M6 are unwound
near the Ca2+ binding sites. Helices M7 to M10 keep their
position in the different transport intermediates and seem to
anchor the protein in the membrane [5,14]. In contrast, M1 to
M6 move considerably upon Ca2+ binding and dissociation and
upon nucleotide binding to Ca2E1.
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binding are reversed in two steps, nucleotide binding and
transition from Ca2E1P to E2. (The structures of the nucleo-
tide bound state and of a Ca2E1P analog state are very similar
[16,18], see also [19,20].) Upon nucleotide binding to Ca2E1,
M1, which has a different position in all intermediates [5],
moves with M2 towards the cytoplasm, and bends so that its
upper amphiphilic part lies parallel to the membrane surface
[17,18]. This reverses some of the structural changes upon
Ca2+ binding [5,13]. However, the direction of the bend of
M1 is different in the nucleotide bound structure and in the
structure of the Ca2+-free unphosphorylated state E2. Bending
of M1 has been suggested to block outward movement of
Glu-309 in crystal structures of the nucleotide bound state and
the Ca2E1P analog state [17,18] although the block does not
seem to be complete because outwardly oriented conformers
were generated and occupied in MCCE calculations of the
Ca2E1P analog structure from which Ca
2+ had been removed
[21].
Further structural changes of M upon Ca2+ binding are re-
versed upon Ca2+ dissociation from the phosphorylated ATPase
(Ca2E1P) [14,16]. M3 and M4 move towards the lumen by one
turn of an α-helix [16], the upper part of M5 bends [16], and the
unwound part of M6 rotates [5]. This disrupts the Ca2+ binding
sites by rotation of coordinating residues ofM6, movement of M4
[13], and the possibility for theCa2+ ligandGlu-309 to orient away
from the Ca2+ binding sites [13,14,21]. These movements seem to
be unnecessarily large to promote Ca2+ dissociation but are ex-
plained by the relationship to the Na+/K+-ATPase which generates
K+ binding sites in this step [5,13]. The Ca2+-free state E2 (TG)
and the E2P analog states E2(TG+MgF4
2−) and E2(TG+AlF4
−)
have a similar structure around the Ca2+ binding site [16] because
the structure of the transmembrane helices is maintained except for
the lumenal half ofM4which has been suggested to close the Ca2+
exit path in the Ca2+-free state E2 [16].
Transmembrane helices M4 and M5 protrude into the
P domain which is further connected to the M domain via
non-covalent interactions with M3 and the loop between M6
and M7 (L67) which interacts with M5 [5,13,22]. These
interactions are thought to link movements of P and M domain.
M5 tilts and the P domain rotates with respect to the M domain
upon Ca2+ binding. The internal structure of the P domain is
maintained upon Ca2+ binding [5]. However, the P domain has
internal flexibility [23] and its parallel β-sheet undergoes
conformational changes upon ATP binding and dephosphory-
lation [17] which are the likely cause for the 1628 cm−1 band in
infrared spectra of ATP binding [24].
N and A domain are connected via flexible linkers to the P
and M domain, respectively, and interact non-covalently with
the P domain. These interactions are modified during Ca2+
transport which repositions the domains with respect to the P
domain without changing their internal structure [13,16,17].
Movements of the A domain can directly affect the M domain,
since the A domain is connected to transmembrane helices M1
to M3.
Ca2+ entry channels from the cytoplasm have been proposed
between M2, M4 and M6 [12,25] and between M1 and M2 forthe Ca2+ bound state Ca2E1 [7,18] and between M1 and M2 for
the Ca2+-free state E2 [13]. No obvious Ca2+ exit pathway to the
lumen is found in the structures of E2P analogs [14,16]. This is
expected since the Ca2+ binding sites in these analogs are
considerably less accessible than those of “true” E2P
[14,26,27]. Nevertheless, two putative release paths have been
proposed [16,21]: one between transmembrane helices M4 and
M6 [16] and a different one between transmembrane helices
M1, M2 and M4 [21].
Lumenal Ca2+ release from the phosphoenzyme is not
inhibited by lumenal Ca2+ [28,29]. Whether it is sequential
[9,30–32] or not [28,29] has been debated. Even under
conditions under which sequential dissociation has been
observed, the two Ca2+ seem to become mixed between binding
and dissociation [33].
Proton uptake from the lumen and release towards the
cytosol leads to proton transport in a direction opposite to
Ca2+ transport. The stoichiometry of this proton countertran-
sport is 1–1.5 H+ per transported Ca2+ [34,35]. Ca2+ and H+
ions have been indicated to compete for the same sites of the
Ca2+-ATPase [36–40] where protons are supposed to be
required for stabilization of the ATPase structure by partly
neutralizing the negative charge of the empty Ca2+ binding
sites [5]. Consequently at pH 8, when binding of lumenal
protons is reduced [38] less Ca2+ is released towards the SR
lumen [41] because of the higher affinity of the Ca2+ binding
sites at high pH [31,42]. The two Ca2+ binding sites contain
four carboxyl groups, Glu-309 (Ca2+ binding site 2), Glu-771
(site 1), Asp-800, (sites 1 and 2), and Glu-908 (site 1)
[12,43] which are thought to bind the countertransported
protons according to electrostatic calculations [21,44,45] with
possible exception of Glu-908 [44] and Glu-309 [21]. They
are buried in the M domain with the exception of Glu-309
that can orient its side chain towards a water filled channel
towards the cytoplasm [13,14,21] and which has been
discussed as a Ca2+ gate [17,46,47].
This work explores proton pathways in the Ca2+-ATPase. We
suggest for the E2 and E2P analog states a proton pathway that
is different from the previously proposed Ca2+ release paths.
For Ca2E1, one of the proposed Ca
2+ entrance paths is
suggested to function as a proton exit path.
Proton pathways exist in many proteins. Prominent examples
are bacteriorhodopsin, cytochrome c oxidase and photosynthet-
ic reaction centers [48]. Generally, these pathways are formed
by a chain of water molecules that transfer protons according to
the Grotthuss mechanism [49]. Protonatable side chains can be
part of the pathway with Asp and Glu often situated at the
entrance and exit.2. Methods
2.1. Placement of water molecules
Water molecules were placed on the internal surface of protein cavities using
the programDowser [50] (http://hekto.med.unc.edu:8080/HERMANS/software/
DOWSER/index.html). The program places water molecules on each point of the
internal surface, rotates them and analyzes the energy of their interactions with
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Lennard Jones potentials and partial charges. It keeps only those water molecules
with a favorable binding energy that is larger than 42 kJ/mol in the optimized
orientation. When water molecules overlap, those with less favorable binding
energy are deleted. The threshold of 42 kJ/mol gives good agreement between the
water molecules placed by Dowser and crystal waters in highly resolved X-ray
structures [50]. We applied Dowser to the structures of
• unphosphorylated ATPase with bound Ca2+: Ca2E1 (pdb entry 1SU4) [5,12];
• analogs of the first phosphoenzyme intermediate Ca2E1P, which has Ca
2+
bound: Ca2E1(ADP+AlFx) (1T5T, 1WPE) [16,18];
• analogs of the second phosphoenzyme intermediate E2P, which has no Ca2+
bound to the transport sites: E2(TG+AlF4
−) (1XP5) [14], the complex with
AlF4
− considered an analog of the transition state of the dephosphorylation
reaction, and all four chains of E2(TG+MgF4
2−) (1WPG) [16], the analog of the
product state of the dephosphorylation reaction: E2 with noncovalently bound
phosphate;
• analogs of the Ca2+-free state E2: E2(TG) (2C8L and both chains of 1IWO)
[13,15] and both chains of E2(TG+BHQ) (2AGV) [44]; and
• analogs of the Ca2+-free state E2 with bound nucleotide: E2(TG+AMPPCP)
(2C8K, 2C88) [15].
Ca2E1 and Ca2E1P analog structures were superimposed with DeepView
Swiss-PdbViewer (http://us.expasy.org/spdbv/) [52] using the backbone atoms
of residues 295–314, 755–776 and 790–810 in transmembrane helices M4 to
M6 and using the Ca2E1P analog structure 1WPE as reference. The root mean
square deviation to the Ca2E1 structure was 0.69 Å and to the other Ca2E1P
analog structure 1T5T was 0.38 Å.
E2 and E2P analog structures were superimposed using the backbone atoms of
residues 760 to 853 and 897–985 in transmembrane helicesM5 toM10 (excluding
loop L78) and using chain A of the E2(TG+MgF4
2−) structure as reference. The
average root mean square deviation of the backbone atoms was 0.55±0.24 Å. The
maximum deviation was 0.78 Å. Illustrations were produced with Rastop (http://
www.geneinfinity.org/rastop/).2.2. Steric analysis of the proton pathway
Whether or not a proton can be transferred between adjacent watermolecules in
thewater chain that constitutes the proton pathwaywas analyzed for chainsA andB
of the E2(TG+MgF4
2−) structure and for the E2(TG+AlF4
−) structure using protein
explorer (http://proteinexplorer.org) [53]. Controls with chains C and D of the E2
(TG+MgF4
2−) structure gave similar results to those obtained with chains B and A,
respectively. First, hydrogens were added to the structures. Subsequently the
molecular surface of the residues forming the passage between two adjacent water
molecules was calculated. This is the surface that a sphere of predefined radius
toucheswhen it moves over the van derWaals surface. Themaximum sphere radius
was determined for which there was a hole in the surface that separates the two
water molecules. This is the radius that allows contact between two spheres placed
at both ends of the passage. Distances between adjacent water sites are oxygen–
oxygen distances between the two closest water molecules of the ensemble of
waters placed at the two sites in the different structures. Similarly, for distances
involving amino acids, the smallest distance was chosen from the ensemble of
overlayed residues.Fig. 1. Structure of the E2(TG+MgF4
2−) [16] with added water molecules
relevant for the proton and the Ca2+ path. Shown in blue is a representation of
superimposed water molecules of the Ca2+-free structures consisting of crystal
waters and of water molecules added by Dowser. Predominantly waters in the
E2P analog structures and only their oxygen atoms are shown. The view is
approximately perpendicular to the membrane surface from the lumenal side.
See legend of Fig. 2 for labeling of the water molecules.2.3. Multiconformation continuum electrostatics (MCCE) calculations
MCCE was used to analyze the flexibility of side chains. It is a hybrid
method combining continuum electrostatics and molecular mechanics [54].
Conformational flexibility is modeled by multiple side chain orientations
(rotamers). The rotamers are constructed systematically by rotating rotatable
side chain bonds. Conformers are then defined that differ in their rotamer and/or
ionization state and/or hydrogen positions. Thus, each residue is represented by
a set of conformers. A Monte Carlo sampling, that assumes a Boltzmann
distribution of states, yields the occupancy of each conformer as a function of
pH. Calculations of chains A and B of 1WPG.pdb of E2(TG+MgF4
2−) [16] were
performed with program version ‘mcce_alpha’ as described [21].3. Results
3.1. Water molecules in the Ca2+-free structures
We overlayed twelve structures of the Ca2+-free states of
the ATPase. Five of these are analogs of the phosphoenzyme
E2P [14,16] while the remaining represent the Ca2+-free
unphosphorylated state E2 [13,15,44]. The backbone struc-
tures superimposed very well in the transmembrane domain
with an average root mean square deviation of the backbone
atoms of 0.55±0.24 Å for transmembrane helices M5 to M10
which harbor the proton pathway described below.
The structures were filled with water molecules using the
program Dowser. In general, not all water sites of a given
structure were occupied in other structures due to structural
differences of mainly the side chains. The ensemble of
structures analyzed here reflects partially the thermal
fluctuations of backbone and side chain bond angles under
physiological conditions. Thus, we consider all water sites
found by Dowser to be possible locations for water
molecules in the Ca2+-free states and we overlayed the
Dowser waters and the crystal waters of all structures. This
revealed putative proton and Ca2+ pathways in the Ca2+-free
states. They are indicated by two chains of water molecules
from the lumenal side to the Ca2+ binding residues with
distances up to 5.6 Å between neighboring water molecules.
Selected water oxygens of these chains and in larger cavities
are shown in Figs. 1 and 2. These water molecules are
representatives of several water molecules placed at slightly
different positions in the different structures. The water
molecules are found between transmembrane helices M1,
M2, and M4 to M8. Fig. 1 views the membrane part of the
protein from the lumenal side, Fig. 2 shows a side view,
approximately parallel to the membrane surface.
Fig. 2. Water molecules (blue) relevant for the proton (blue arrows) and the Ca2+
(black arrows) path in the membrane domain of the Ca2+-free Ca2+-ATPase. The
same representation of water molecules as in Fig. 1 is shown. Water molecules
that constitute alternative entries to the proton path are labeled by letters, those
that constitute the central part of the proton path from the lumen to the Ca2+
binding residues with roman numbers I to IV. Water V is on the protein surface,
waters VI and VII connect the central crevice (blue area) with the C-terminal
cavity (grey area). Side chains relevant for the proton path are also shown. For
Glu-785, the side chain structures in chains A and B of the E2(TG+MgF4
2−) [16]
and in the E2(TG+AlF4
−) [14] structure are shown. For Glu-309, side chain
structures in chain A of E2(TG+MgF4
2−) and in E2(TG+AlF4
−) are shown.
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arrows, which both represent possible pathways for Ca2+ and
protons. We consider the “blue” pathway to be a proton pathway
and the “black” pathway to be a Ca2+ release channel. The black
pathway is identical to the one proposed by us previously [21].
We will first give the reasons for the assignment and then
discuss the proton pathway in detail.
(i) The blue pathway consists of a chain of water molecules
and protonatable residues which is characteristic of
proton pathways [48,49]. The distances between proto-
natable groups are shorter in the blue pathway.
(ii) The position of the black pathway is in line with the cation
channel determined by a combination of Cys modification
and ion conductance experiments for the Na+/K+-ATPase
[55]. The properties of the Na+/K+-ATPase channel are
affected by modification of ion binding site 2 residues
after mutation. These residues correspond to the Ca2+-
ATPase residues Glu-309 and Asn-796.
(iii) The flexibility of the Glu-309 side chain provides a
possible driving force that drags Ca2+ to the beginning of
the black pathway [21].
(iv) The black pathway is controlled by conformational
changes. This seems to be mandatory for the Ca2+ release
path in order to achieve directional transport of Ca2+ andto prevent binding of lumenal Ca2+ – present at 105-fold
higher concentration than cytosolic Ca2+ [56] – to the
unphosphorylated ATPase. The black pathway is mainly
formed by transmembrane helices M1, M2, and M4. The
helical hairpins M1, M2 and M3, M4 undergo conforma-
tional changes and move when the ATPase pumps Ca2+.
The blue pathway is provided by transmembrane helices
M5 to M8 which undergo considerably smaller confor-
mational changes in the reaction cycle. Conformational
control of the proton pathway seems not to be essential
because the proton conductivity of the SR membrane [57]
seems to exclude a physiological role of directional proton
transport [5].
3.2. Proton pathway in the E2 states
The blue proton pathway from the lumenal side to Ca2+
site 1 is described in the following assuming that the ATPase
is oriented such that the cytoplasmic side is on the top.
Details of the path are given in Table 1. Distances between
water molecules are given as O–O distances. All water sites
are occupied in several of the structures. In particular, the
proton pathway from lumen to Ca2+ binding sites is present in
the subset of E2P analog structures as well as in the subset of
E2 structures.
The lumenal access channel is formed by the lumenal loops
L12, L34 and L78. At the top of this channel is loop L56 where
the entrance to the proton pathway is indicated by four water
molecules close to Glu-785. These alternative entrance sites to
the proton path are labeled with letters a–d in Figs. 1 and 2.
Close to waters a and d, crystal waters are found in the E2(TG+
BHQ) structure [44], i.e. the structure of Ca2+-free ATPase with
thapsigargin and 2,5-di-tert-butyl-1,4-dihydroxybenzene
bound. Of the four water molecules, waters b and c seem to
be electrostatically most favorable for protons because of the
close proximity to Glu-785 (distanceb3 Å). Water d is close to
Glu-785 but also to the Lys-297 side chain which makes it
electrostatically less favorable for protons.
Protons collected by the sponge of water molecules a–d are
funneled to water I. This water molecule is part of the central
proton path consisting of four water molecules labeled with
roman numbers I to IV. At the position of water I, a crystal water
is found in the E2(TG+BHQ) structure [44]. Water I is 2.2 to
4.6 Å away from waters a–c and also close to the side chain of
Glu-785. Inspection of the structure, as described in Methods
and as detailed in Table 1, indicated that water I is in contact
with waters a–d allowing for direct proton transfer. Proton
transfer from waters a and b to water I could also take place via
the hydroxyl group of Thr-778 which is about 2.0 Å away from
waters a and b and 3.0 Å from water I.
From water I it is 4.9 Å to water II, located between Glu-
771, Ile-775 and Leu-792 and hydrogen bonded to the
backbone carbonyl of Glu-771. The passage between water I
and water II is narrow and only enables contact between two
spheres with 1.0 Å radius (surfaces were calculated with
structures to which hydrogens were added). However, Ile-775
in the passage shows some conformational flexibility
Table 1
Structural details of the proton pathway
Site a Number
E2P, E2 b
H bonding c Next d Distance
(Å) e
Passage f Contact radius
(Å) g
H+ conducting
residues h
Comments
a 1,4 Pro-784 C_O I 4.6 Cys-774, Thr-778,
Pro-784, Ala-786
1.2 Thr-778
OH
close to cw 2124
of E2(TG+BHQ)Thr-778 OH
b 1,4 Thr-778 C_O
Leu-783 C_O
Glu-785 sc
I 4.6 Thr-778 and Glu-785 2.2 Thr-778
OH
close to Glu-785
COOH
c 5.0 Tyr-294, Ile-298,Ile-775,
Thr-778, Ala-779,Glu-785
2.1 Glu-785
COOH
c 0,6 Leu-787 C_O
Glu-785 sc
I 2.2 Ile-775, Glu-785, Leu-787,
Ile-788, Leu-792
no restriction i close to Glu-785
COOH
d 1,2 Glu-785 sc
Lys-297 sc
c 3.1 Lys-297, Ile-298, Val-300,
Ala-301, Glu-785, Leu-787,
Ile-788, Pro-789
no restriction i Glu-785
COOH
close to cw 2122
of E2(TG+BHQ)
I 2,6 Ala-786 NH
Leu-787 NH, C_O
II 4.9 Cys-774, Ile-775, Thr-778,
Leu-787, Leu-792
1.0/1.4 j Cys-774
SH
close to cw 2123
of E2(TG+BHQ)
Cys-774 SH 3.8 k Ile-775, Thr-778,
Ala-786, Leu-787
1.5
Cys-774 SH II 3.5 k Ile-775, Leu-787 1.8
Thr-848 OH 3.0 k Leu-787, Val-849 no restriction i
Thr-848 OH III 2.9 k Gly-770, Thr-848, Leu-904 no restriction i
II 1,2 Glu-771 bb C_O III 3.6 Glu-771, Cys-774,
Leu-787, Leu-904
1.4 Cys-774
SH
III 4,5 Val-844 C_O,
Thr-848 OH
IV 4.6 Glu-771, Val-844, Leu-904 1.6
IV 4,7 water Glu-908 sc
Ser-767 C_O, OH
water IV is part of
the central crevice
Residues printed in italics are conserved between type II Ca2+-ATPases. Radii were determined for structures with added hydrogens.
Distances between adjacent water sites are oxygen–oxygen distances between the two closest water molecules of the ensemble of waters placed at the two sites in the
different structures.
bb: backbone.
cw: crystal water.
sc: side chain.
a Water or residue in proton path.
b Number of E2P analog and E2 structures with a water molecules placed at this site. In total, we analysed five E2P and seven E2 analog structures.
c Hydrogen bonding partners of water.
d Next water or residue in proton path.
e Distance to next water in chain/Å.
f Residues flanking the passage to the next water/residue.
g Radius of sphere for which contact along the passage is possible/Å.
h Possible proton conducting residues in the passage.
i Contact is possible without restriction by protein atoms.
j The first value is for chain A of E2(TG+MgF4
2−), the second for Ile-775 rotamers that are occupied with 12% probability for chain B of E2(TG+MgF4
2−).
k Cys S — water O, Cys S — Thr O, or Thr O — water O distance.
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(MCCE) calculations. While the large majority of side chains
adopt structures as in the crystal structure, a minority has side
chains rotated away from the direct connection between water
I and water II, enabling contact for two spheres with a radius
of 1.4 Å. Since this is the average radius of a water molecule,
Brownian motion can bring waters I and II close enough to
allow direct contact and thus proton transfer. In the
calculations with chain B of the E2(TG+MgF4
2−) structure,
the E2P analog structure obtained with thapsigargin and
MgF4
2−, these pore opening conformations are occupied with
12% probability. Alternatively, water I could move to the
sulfhydryl group of Cys-774 (O–S distance 3.8 Å) via the
space between Ile-775 and Leu-787, and Cys-774 could assist
in proton transfer to water II, 3.5 Å away. The site of water II
is least occupied in the Ca2+-free structures (see Table 1). It
does not seem to be essential for proton transfer, since protontransfer could occur from Cys-774 via Thr-848 to water III
with relevant distances of less than 3.0 Å (see Table 1).
A passage between Leu-787 and Glu-771 leads from water II
to 3.6 Å distant water III allowing contact for spheres with 1.4 Å
radius. Water III is hydrogen bonded to the backbone carbonyl
of Val-844 and the hydroxyl of Thr-848. From water III it is
4.6 Å to water IV and contact between the two sites is possible
for spheres with a radius of 1.6 Å. Water IV is between Ser-767
and the carboxyl group of Glu-908.
Most of the residues flanking the passages from water I to
water IV are conserved between type II Ca2+-ATPases [58] as
indicated in Table 1. Mutation of Cys-774, Ile-775, and Leu-792
between waters I and II can considerably reduce Ca2+ transport
[59,60].
Water IV is part of a central crevice filled with water located
between and above the Ca2+ binding residues Glu-771, Asp-800
andGlu-908. It contains about thirteenwater molecules near Ca2+
1315E.-L. Karjalainen et al. / Biochimica et Biophysica Acta 1767 (2007) 1310–1318binding site 1 some of which are crystal waters found in the E2
(TG+MgF4
2−) structure [16]: three near Asp-800 (2129–2131 of
chain A) and one near Glu-908, located at different positions in
different chains of the asymmetric unit. Glu-771, Asp-800 and
Glu-908 are connected by a ring of water molecules and the
hydroxyl group of Ser-767 points towards the center of the ring.
These structural features will allow rapid distribution of the
incoming protons amongst the three Ca2+ ligands.
The central crevice has an opening towards the hydrocarbon
region of the lipid bilayer. Water V, corresponding to a crystal
water found in all E2(TG+MgF4
2−) structures (water 2129 for
chain A), sits in this opening. The protein surface around it is
hydrophobic and below the ring of Trp residues. Thus this
opening of the crevice is likely in the hydrocarbon region of the
lipid bilayer and not in contact with the cytosol.
Four water molecules were placed close to the Glu-309 side
chain. This residue is considered as a Ca2+ gate [17,46,47] and
inwards and outwards orientations have been found in the
crystal structures of E2 and E2P analogs [13–16,44,61] ir-
respective of the enzyme state and in our MCCE calculations of
the Ca2+-free states [21]. Both orientations are shown in Fig. 2.
The side chain pointing downwards is oriented inwards towards
the other Ca2+ binding residues, the side chain pointing upwards
is oriented outwards towards a channel in contact with the
cytosol. Proton transfer from the central crevice to the water
molecules near Glu-309 can proceed via Asn-796 when Glu-
309 orients outwards, or via Asn-796 and Glu-309 when Glu-
309 orients inwards.
Above the central crevice is another cavity containing about
seven water molecules. Both cavities are in contact via the
connecting waters VI and VII, of which particularly water VI
could mediate proton transfer. This cavity is located between
transmembrane helices M5, M7 and M8 and is therefore named
C-terminal cavity. It has two possible exits towards the cytosol:
between Gln-759, Arg-762, and Glu-918 or between Leu-833,
Arg-836 andGlu-918.While the steric arrangement would allow
proton transfer from the cavity to the cytosol, the charge
distribution seems to prevent proton transfer out of the cavity.
The cavity is flanked by Arg-762, Arg-836 and Asp-981,
producing an overall positive charge at the cavity surface. Seen
from the central crevice, Asp-981 comes first and the two Arg
residues would have to be passed in the passage through either of
the two exits. The electrostatic interactions will therefore impede
proton transfer into that part of the cavity in the Ca2+-free states.
In turn, the two Arg residues will prevent proton transfer from the
cytoplasm into the cavity so that lumenal protons protonate the
Ca2+ binding site 1 residues. All mentioned charged residues
flanking theC-terminal cavity are conserved between type IICa2+-
ATPases [58].
A chain of water molecules is also present in the Ca2E1P
analog structure 1T5T [18]. Water molecules were placed by
Dowser at positions equivalent to waters I and II (distance
6.9 Å). Contact between them is possible for spheres with 1.4 Å
radius. From water II access to the Glu-771 side chain is via a
water molecule placed under and close to Oε1 of the Glu-771
side chain which was not placed in any of the Ca2+-free
structures.3.3. Proton pathway in Ca2E1
The countertransported protons are released towards the
cytoplasm, i.e. not along the pathway described here for the
Ca2+-free states. Accordingly, a channel towards the cytoplasm
is present in the Ca2E1 and Ca2E1P analog structures that starts
between the two Ca2+ and runs between the M4 andM6 residues
Glu-309, Leu-764 and Asp-800, bends ∼90° before Thr-805
and opens close to crystal water 2112 of the Ca2E1 structure
1SU4 (not shown). The three polar residues along the channel
are conserved between many type II P-type ATPases [58]. This
channel seems to be identical to a Ca2+ entry channel proposed
previously [12,25]. We suggest that this channel could
additionally or alternatively serve proton transport from the
Ca2+ binding sites to the cytosol. The channel was filled with one
water molecule in the Ca2E1 structure and with two to three
water molecules in the two Ca2E1P analog structures. In the
Ca2E1 structure it is closed at the entrance from the Ca
2+ sites for
spheres with rN0.8 Å by the amino group of the Asn-768 side
chain but opens for spheres with r≤1.0 Å when the Asn-768
side chain moves away. The channel is slightly more open in the
Ca2E1P analog structures and allows contact between spheres of
1.0 Å radius in the Ca2E1P analog structure by Toyoshima et al.
[16]. Asn-768 and Asp-800 at the entrance could assist in proton
transfer to waters in the channel. Directional proton transport is
helped by a cluster of Glu residues ofM1 andM2 at the exit of the
channel. In the Ca2+-free structures, the beginning of this channel
is also present. It ends as water V on the protein surface in the
hydrophobic region of the lipid bilayer as discussed above.
Therefore the proton channel present in the Ca2+ bound structures
is not functional in the Ca2+-free structures which ensures
protonation of binding site 1 residues from the lumenal side.
4. Discussion
4.1. Advantage of separate pathways for protons and Ca2+
The proton pathway in the Ca2+-free states is different from
the proposed Ca2+ exit paths [16,21]. Such a design has an
obvious advantage since it allows protonation of the Ca2+
ligands as soon as Ca2+ leaves the binding sites and thus avoids
the destabilizing effect of a cluster of negative charges in the
protein core. This effect amounts to a penalty of 51.3 kJ/mol
when the three acidic residues in Ca2+ binding site 1 are ionized
(according to theΔG values in Table S1 of reference [21]). This
is at the upper end of the free energy difference between folded
and unfolded states for typical proteins [62] and highlights the
need for immediate neutralization of the binding site residues. In
fact, it was found that Ca2+ dissociation from the phosphoen-
zyme coincides with proton binding [63].
In contrast to a two-pathway mechanism, using the same
pathway for Ca2+ and protons could delay neutralization of the
empty Ca2+ binding sites particularly if Ca2+ release is along a
narrow passage. It seems unlikely that a Ca2+ on its way out and
a proton on its way in approach, meet, and pass each other in an
aqueous channel. Thus at least one Ca2+ would have to leave the
passage before a proton can be transported to the binding site.
Fig. 3. Model of Ca2+ release as described in the text. Shown is part of the transmembrane domain. The Ca2+ that binds originally to Ca2+ binding site 1 is shown in
dark green, the Ca2+ originally binding to site 2 is shown in green. “L” indicates a channel to the SR lumen.
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site-1 Ca2+ has to pass site 2 on its way to the SR lumen. This
scenario is suggested by the proposed Ca2+ exit routes [16,21].
If, after departure of the bound Ca2+, the empty Ca2+ site 2
becomes protonated, then this will impede passage of the
remaining Ca2+ at site 1 via the empty site 2 to the exit channel.
Alternatively, if hopping of the remaining Ca2+ from site 1 to the
empty site 2 is faster than protonation, this is likely to prevent
protonation of the now reoccupied site 2. In this case, both Ca2+
would have to be released before protonation can occur.
4.2. Model of Ca2+ release
In the following we propose amodel for Ca2+ release from the
phosphoenzyme to the sarcoplasmic reticulum lumen based on
separate pathways for Ca2+ and protons. The model is illustrated
in Fig. 3. The model describes sequential release of Ca2+ but the
general features apply also to non-sequential release. Departure
of Ca2+ from site 2 triggers transport of one or several protons
along the proton pathway to site 1 and movement of the
remaining Ca2+ from site 1 to site 2 where it exits via the same
path as the first Ca2+. The two Ca2+ can mix in the lumenal
channel formed by loops L12, L34 and L78 under conditions
where sequential release could not be detected [28,29].
Concomitant with departure of the second Ca2+ from the
binding sites, a second proton transfer completes protonation of
the acidic Ca2+ ligands that contribute to Ca2+ site 1 (including
Asp-800 that contributes to both sites). Glu-309, the only re-
maining acidic Ca2+ ligand, is expected to be in an aqueous
environment and predominantly deprotonated according to our
MCCE calculations [21]. A similar two-pathway mechanism as
for lumenal Ca2+ release might operate when cytoplasmic Ca2+
binds to the Ca2+-free ATPase.
4.3. Implications for other P-type ATPases
The penalty of charged empty binding sites seems to be
higher for the Ca2+-ATPase, which binds four elementary
charges, than for other P-type ATPase that bind less. Never-
theless, we note that the outlined mechanism with different
pathways for outgoing and incoming ions presents advantages
for P-type ATPases in general, also for those that do not
normally transport protons. The Na+/K+-ATPase for exampletransports 3 Na+ to the extracellular space (same direction as
Ca2+ transport) and countertransports 2 K+. Fast (partial) charge
compensation upon departure of Na+ or K+ from their binding
sites can be achieved by transient protonation of residues or
water in the binding sites via a separate proton pathway. Re-
occupancy of the binding sites by K+ or Na+ occurs then in
exchange with protons. In line with this proposal, protons can
substitute for Na+ [64–67] and for K+ [67,68], are released
when these ions bind from the cytoplasmic side of the Na+/K+-
ATPase [69] and influence extracellular Na+ and K+ binding
[70]. Regarding Na+ release from the phosphoenzyme to the
extracellular side it is interesting that release of the first Na+ is
considerably more electrogenic than release of both remaining
Na+ [71]. Na+/H+ exchange can explain this assuming that
release of the second and third Na+ is nearly charge
compensated by proton influx to the binding sites whereas
release of the first Na+ is less, if at all, compensated. These
observations indicate (partial) charge compensation by protons
when Na+ or K+ disassociate from the Na+/K+-ATPase. The
obvious advantage of protons as compared to other ions is that
they can reach the empty binding site much faster, because
proton transfer proceeds according to the Grotthuss mechanism.
This advantage holds when the pathways for protons and other
ions are different.
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